Magnetic Cluster Expansion model is developed for bcc Fe-Cr alloys, and applied to the investigation of magnetic properties of these alloys for a broad interval of concentrations ranging from pure Fe to pure Cr, and for a broad interval of temperatures extending well over 1000 K. Finite-temperature configurations simulated using the Magnetic Cluster Expansion Hamiltonian describe various magnetically ordered ferromagnetic and antiferromagnetic phases, partially magnetically ordered phases, and transitions between them and paramagnetic phases. We investigate the dependence of the Curie and Néel transition temperatures on the composition of the alloy. Analysis of the magnetic specific heat treated as a function of Cr concentration shows that in the low Cr concentration limit the Curie temperature increases as a function of Cr content. We find that for alloys containing high level of Cr the Curie temperature depends sensitively on the degree of Cr precipitation, varying by as much as 150K between random alloy configurations and configurations containing Cr precipitates.
Introduction
Developing computationally efficient predictive models for magnetic properties of Fe-Cr alloys, solid solutions, and nanostructures is necessary for many applications, including the development of radiation-resistant steels for fusion and fission power generation, magneto-electronic devices, and spintronics. It proves particularly challenging to formulate a model for both structural and magnetic phase transitions in iron-based alloys, for example the magnetism-driven α-γ bcc-fcc phase transformation occurring in pure iron at 912°C, and the associated high-temperature magnetic fluctuation effects. At present there is still no model describing, at a quantitative level of accuracy, the interplay between the structural and magnetic properties of Fe-Cr alloys for systems containing up to 10 6 atoms.
In this work we describe a new mathematical method for treating magnetic and structural degrees of freedom of bcc and fcc Fe-Cr alloys, the Magnetic Cluster Expansion (MCE) [1] [2] [3] . In this method, atomic magnetic moments are included in the Hamiltonian via the symmetry-breaking Landau formalism, as continuous vector variables, together with the conventional discrete lattice site Cluster Expansion (CE) occupation variables. In MCE, an alloy is characterized by its instantaneous atomic configuration and its instantaneous magnetic state. A Monte Carlo simulation algorithm based on an MCE Hamiltonian, parameterized using ab initio calculations, offers an efficient means for modelling structural and magnetic properties of Fe-Cr for a broad range of compositions and structures ranging from ferromagnetic Fe to anti-ferromagnetic Cr, in the temperature interval extending well above 1000 K, and spanning various magnetically ordered, partially ordered, and paramagnetic phases. Monte Carlo simulations performed using an
MCE Hamiltonian allow the evaluation of free energies for competing atomic and magnetic configurations, and modelling the high-temperature phases of iron and Fe-Cr alloys, including bcc-fcc phase transitions, and the γ-loop in the Fe-Cr temperaturecomposition phase diagram [2] .
In this paper we investigate magnetic and thermodynamic properties of random Fe-Cr solutions, as well as magnetic properties of concentrated alloys containing Cr precipitates, with the emphasis on predicted features characterizing the magnetic properties of the alloys, which are accessible to direct experimental observations.
Magnetic Cluster Expansion Hamiltonian
The Magnetic Cluster Expansion approach developed in [1] [2] [3] extends and generalizes the classical Cluster Expansion treatment of alloys [4] [5] to the case of magnetic alloys. (1) to zero-Kelvin spin-polarized density functional theory (DFT) calculations. These coefficients are given in Ref. [3] . K, where the total magnetic moments of the system still remains nonzero. At T=1525 K, which is above the Curie temperature, the magnetic moments are fully disordered and the system is paramagnetic. For the case of pure Cr shown in Fig. 2 , the MCE Hamiltonian predicts a partially ordered antiferromagnetic state at low temperature T = 50 K, whereas at T=500 K the system is paramagnetic. Antiferromagnetic ordering vanishes around 350
, which agrees well with the experimentally observed Néel temperature of Cr, which is ~310 K [6] .
For the case of bcc Fe-Cr alloys, we showed earlier that in the limit of small chromium concentration, the presence of randomly distributed Cr atoms gives rise to the increase of the magnetic moment per atom, and the increase of the Curie temperature [3] . This increase is clearly visible as a shift of the peak of magnetic specific heat shown in Fig.   3a . For a random Fe-3.125% Cr alloy, the singularity in the specific heat, corresponding to the Curie transition temperature, is shifted upwards by ~25-30 K. formed a large precipitate. The configuration containing a chromium cluster was produced using an Exchange Monte Carlo algorithm [7] [8] . It consists of a single large Cr cluster of 3696 atoms, and 304 individual Cr atoms distributed in the iron matrix in the form of a solid solution. Fig. 3a shows that in the limit where Cr atoms are distributed at random, the predicted Curie temperature is fairly low, and the peak of the specific heat is at about 900K. At the same time, for the alloy containing a Cr cluster, the apparent Curie temperature, corresponding to the position of the peak of the specific heat, is much higher and equals ~1050 K, which is only slightly below its value corresponding to the case of 
Conclusions
In this paper we illustrate applications of Magnetic Cluster Expansion to modelling bcc Figure3b. The total magnetic moment of a random Fe-25%Cr alloy (empty triangles), and a Fe-25%Cr alloy containing a large Cr precipitate (solid triangles). 
